This study investigated the potential use of alkali pretreatment of sawdust from Australian timber mills to produce bioethanol. Sawdust was treated using 3-10% w/w NaOH at temperatures of 60, 121, and −20 ∘ C. Two pathways of production were trialled to see the impact on the bioethanol potential, enzymatic hydrolysis for glucose production, and simultaneous saccharification and fermentation (SSF) for ethanol production. The maximum yields obtained were at 121 ∘ C and −20 ∘ C using 7% NaOH, with 29.3% and 30.6% ethanol yields after 0.5 and 24 hr, respectively, these treatments yielded 233% and 137% increase from the 60 ∘ C counter parts. A notable trend of increased ethanol yields with increased NaOH concentration was observed for samples treated at 60 ∘ C; for example, samples treated using 10% NaOH produced 1.92-2.07 times more than those treated using 3% NaOH. FTIR analysis showed reduction in crystallinity correlating with increased ethanol yields with the largest reduction in crystallinity in the sample treated at −20 ∘ C for 24 hr with 7% NaOH.
Introduction
Waste lignocellulose is the most abundant potential source for biofuels on the planet [1] but it is largely underutilised. A significant proportion of lignocellulosic waste is incinerated, composted, sent to landfill, or left on site to degrade, and this adds to the power demands, greenhouse gas emissions, and operational costs of agriculture and forestry practices [2] . Increasing fuel prices and action to combat climate change have created greater opportunity for ethanol as a renewable fuel to help meet transport fuel demand. Unlike traditional first generation starch or sugar based techniques [3] , second generation ethanol provides a favourable alternative, producing lower greenhouse gas emissions and utilising waste products. In Australia, a significant volume of wood wastes is generated by different industries and activities, equating to ∼1654000 tons per annum which is sent to landfill [4] . Approximately 6.5 Mt of waste wood was produced in Australia by forestry and timber milling sites in 2011 [5] . Wood waste as a biofuel feedstock has gained momentum over the past decade with significant developments in techniques and applications [5] [6] [7] [8] .
Hardwoods are a lignocellulosic biomass, with a significant proportion of cellulose between 45 and 55% w/w. Hemicellulose also composes a large proportion of the mass accounting for 24-40% w/w [3] . Lignin in hardwoods comprises 18-25% w/w unlike the 25-35% w/w of softwoods. There are also variations in lignin type with the hardwoods containing high proportions of guaiacyl and syringyl monomer units, unlike softwoods which are predominantly guaiacyl [9] . This greater presence of syringyl may permit less severe pretreatments as it has been found to be more susceptible to alkali pretreatments [10, 11] .
The lignin-hemicellulose matrix surrounding the cellulose microfibril provides the first hurdle in enzymatic hydrolysis, as it prevents the enzymes' access to the cellulose, inhibiting the hydrolysis of the cellulose. This can be overcome by the removal or modifications of lignin and or hemicellulose, increasing the pore space allowing enzyme access to the cellulose microfibrils [12] .
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It has been shown that alkali pretreatment increases access to the cellulose by saponification of the intermolecular ester bonds between hemicellulose and lignin. The cleaving of these links can cause solubilisation of lignin and hemicellulose [13] . Alkali pretreatment can also result in the removal of acetyl and various uronic acid substitutions on hemicelluloses [14, 15] . Xylans have been shown to be more susceptible to lower concentrations of alkali than glucomannan, suggesting that hardwoods would be more susceptible to lower levels of alkali pretreatment [16] , which is consistent with the results reported by Mirahmadi et al. [17] , who observed larger yields from hardwoods pretreated at low temperature with NaOH.
Alkali pretreatment has been observed to decrease cellulose crystallinity and the degree of polymerisation, which is considered to occur due to swelling of the internal cellulose microfibrils increasing the amount of amorphous regions of cellulose microfibrils [18, 19] , thus increasing access for enzymes [20] . Alkali pretreatment can induce the conversion of cellulose I into cellulose II hydrate, which possesses a larger structure and faster enzymatic hydrolysis rate [21] . It is also known to increase amorphous cellulose regions and decrease degree of polymerisation increasing the susceptibility to enzymatic degradation of the lignocellulose [13] .
The use of moderate temperatures in alkali pretreatment can prevent the creation of furfural, hydroxymethylfurfural, and organic acids, reducing the loss of usable sugars [22] . Preventing the formation of these products aids in successful operation of SSF systems as they are inhibitory to Saccharomyces cerevisiae [23] .
The effect of pretreatment conditions, for example, temperature, time, and alkali dosage, has been studied by many researchers [17, 24] . It has been reported that temperatures in excess of 100 ∘ C can lead to destruction of the lignin and hemicelluloses, which significantly increases susceptibility to enzyme hydrolysis. For example, Mirahmadi et al. achieved a 54.76% ethanol yield from birch at 100 ∘ C [17] . Similarly lower temperatures and the addition of urea also increased ethanol production and cellulose dissolution, with Zhao et al. achieving over 60% glucose yields for spruce pretreated at −15 ∘ C [24] . A large number of research studies have looked into the feasibility of pretreatment of lignocellulosic materials with Ca(OH) 2 and NaOH [13] . It has been found that Ca(OH) 2 is significantly cheaper and easier to recover than NaOH [25] . However it is not as strong as alkali and requires longer exposure times [26] ; NaOH was selected for this investigation.
Simultaneous saccharification and fermentation (SSF) systems for the production of ethanol from lignocellulosic material have been thoroughly investigated. SSF has the ability to prevent end-product inhibition by conversion of glucose to ethanol, resulting in improved yields [27] compared to many traditional separate saccharification/hydrolysis and fermentation systems. Therefore SSF was selected for this investigation due to these benefits, although it can suffer minor limitations concerning optimisation of temperature [28] . This investigation will be into the possibility of pretreatment at 60 ∘ C over 0.5-2 hr with 3, 7, and 10% NaOH. Three comparative treatments were also assessed with 7% NaOH at 121 ∘ C for 0.5 hr and −20 ∘ C for 2 and 24 hr.
Materials and Methods

Sawdust.
The sawdust mixture utilised in this investigation was collected from a timber mill located in regional Victoria. The sawdust mixture used contained a mixture of eucalyptus hardwoods and nonnative softwoods; the waste wood samples were ground utilising a bladed mill (IKA analytical mill) and separated with a ASTM number 18 mesh 1 mm sized sieve.
Enzymes.
The cellulase enzyme complex Accellerase 1500 (enzyme solutions, Australia) was used in the hydrolysis and SSF systems. The cellulase activity in filter paper units (FPU) was 45.6/mL measured as described in [29, 30] . In addition -glucanase activity of (620.0 ± 125 pNP G U/g) was as stated by supplier. Cellulase activity was measured before each test to ensure consistent loadings. -glucanase enzymes activity is reported in terms of nitrophenol liberation from para-nitrophenyl-B-D glucopyranoside pNP G U/g.
Inoculum.
A freeze dried thermo-tolerant Saccharomyces cerevisiae (Thermosac Dry; Lallemand Biofuels & Distilled Spirits) was utilised as the inoculum culture in the SSF reactors. Prior to inoculating the SSF reactor system, dry yeasts were hydrated with deionised water for 30 minutes at 38 ∘ C in a water bath (Lallemand Biofuels & Distilled Spirits). Following hydration, the inoculum was rinsed and washed 3 times via centrifuge for 5 minutes at 4400 rpm with deionised (DI) water to remove trace glucose and nutrients. The dry cell mass was prepared by drying samples at 80 ∘ C for 24 hr [31] .
Alkali Pretreatment.
The first phase of alkali pretreatment of sawdust samples was carried out using 3%, 7%, and 10% NaOH solutions (w/w) at a temperature of 60 ∘ C and exposure times of 0.5, 1, and 2 hr(s) with a solid to liquid ratio of 1 : 10 w/v, based on the works previously undertaken by [17, 24] . The second phase of alkali pretreatment was carried out at −20 ∘ C and 121 ∘ C with a 7% NaOH solution for 0.5, 2, and 24 hr. Following pretreatment sawdust mixture samples were rinsed until a neutral pH 7-8 was reached and was then vacuum filtered and stored at 4 ∘ C for future use.
Cellulose Hydrolysis.
Hydrolysis of cellulose in the pretreated sawdust was undertaken using 118 mL reactors with a working mass of 20 g. Substrate loadings of 3 g TS of pretreated sawdust mixture, a cellulase dosage of 9.1 FPU/g TS and 325 ± 63 pNP G U/g cellulose, were applied to each reactor. A citrate buffer solution of 0.05 M was added to the reactors to achieve and maintain a pH of 4.95 ± 0.15 [31] . Midlength cellulose (Sigma Aldrich) was used as a control. Antibacterial tetracycline and fungicide cycloheximide were applied at 4 g/mL and 3 g/mL, respectively, to all hydrolysis reactors [32] to prevent contamination. Following the addition of the enzyme, the reactors were sealed and placed in a rotating incubator at 50 ∘ C and 130 rpm. Samples were collected via an open tip pipette after 3, 8, 24, 48, 70 , and 96 hr. The samples were submerged in a water bath at 100 ∘ C for 5 minutes, followed by an ice bath and centrifuging at 4400 rpm for 5 minutes. The supernatant was filtered with 0.45 m nylon filters and analysed for saccharides using HPLC. The glucose produced from hydrolysis is reported in percentage of glucose that can be produced from the cellulose in the sample.
Simultaneous Saccharification and Fermentation (SSF).
SSF was carried out in 250 mL reactors with a working mass of 50 g, and a substrate loading of 7.5 g TS was used to maintain consistency with the hydrolysis systems. Within the operating reactors 0.05 M citrate buffering solution, 2% peptone and 1% yeast extract were used to maintain the pH and provide nutrients for microbial growth [31] . All rectors received sawdust an approximate loading of 6% cellulose calculated form TS equivalent assuming cellulose concentration of 40%. The reactors received enzyme at a loading of 22.8 FPU/g cellulose and 50.0 FPU/g cellulose equating to approximately 9.1 and 20.0 FPU/g TS sawdust mixture. The inoculum was dosed to reactors to produce an OD 600 of 0.5. The reactors were flushed with N 2 and a two-part plastic air trap system was used to maintain anaerobic conditions and fermentation was undertaken in a rotary incubator at 38 ∘ C and 130 rpm. After sample collection the flask was degassed. Medium length cellulose fibres (Sigma Aldrich) were used as the feedstock for control reactors for 22.8 and 50.0 FPU/g cellulose . All SSF reactors were run in duplicate. Following acquisition samples were centrifuged and filtered before analysis.
Analytical Techniques.
Measurements of TS and volatile solids (VS) were carried out according to the standard methods as described in [33, 34] . Acid soluble lignin (ASL), acid insoluble lignin (AIL), cellulose, and hemicellulose analysis were carried out according to the method descried in [35] , except that extraction was carried out using a microwave reaction system (Multiwave Pro, Anton Paar) in place of the use of Soxhlet solvent extraction apparatus. Saccharide concentration was determined using HPLC (Shimadzu UFLC) with a Hi-PLEX Pb and Serex Pb 2+ and Na + columns (Phenomonex); a flow of 0.3 mL/min at 85 ∘ C and a refraction index detector were used. Ethanol concentration was measured using gas chromatography (Varian GC420) fitted with a flame ionization detector (FID) and BP-21 column (Agilent). The system was operated with N 2 as a carrier gas with the injector at 250
∘ C oven at 50 ∘ C and FID of 275 ∘ C and a carrier gas flow of 1.1 mL/min. The ethanol produced was reported in ethanol production as percentage of theoretical cellulosic ethanol yield using a conversion factor of 0.5667 g (ethanol) /g (cellulose) [31] .
FTIR Spectroscopy.
FTIR analysis was undertaken utilising a Perkin Elmer Spectrum 100 FTIR within a spectrum of 600-4000 cm −1 . Before analysis samples were dried in a 35 ∘ C oven [36] . Samples were ground and sieved through a 106 m sieve (number 140), compressed, and analysed for 32 scans. Absorption bands at 1435, 1330, and 898 cm −1 were analysed as these are representative of the crystalline structure of cellulose, bands located at 1435 and 1330 cm −1 being more prevalent in cellulose I and those at 898 cm −1 being more prevalent in cellulose II [37] . A novel measure of change in crystalline state was calculated by A 1330 /A 898 and A 1435 , A 1423 /A 898 . Both of these methods potentially face issues with interference due to close peaks occurring from syringyl rings at 1315 cm −1 [38] and aromatic ring stretching at 1422 cm −1 [39] . Total crystallinity was also analysed using two measurements of CH stretching with a ratio of A 1375 /A 2900 [40] . The analysis investigated the absorbance peaks at 1218, 1268 (C-O guaiacyl rings), and 1315 cm −1 (C-O of syringyl rings) [41, 42] as well as the presence of any troughs at 1140-1111 as this could signify a drop in S unit lignin [39, 42, 43] . These areas were analysed for the potential impacts on lignin functional groups within the samples.
Results and Discussion
Compositional Analysis of Sawdust.
The composition of the sawdust before and after alkali pretreatment is given in Table 1 . The cellulose content following pretreatment increased from 41.0% to 44.6-51.8% following pretreatments except sawdust treated with 3% NaOH for 0.5 hr at 60 ∘ C which appeared to show a decreased cellulose concentration. Xylan content after pretreatment decreased from the 6.0% in the untreated sawdust in all treatments with exception of 10% NaOH exposed to 0.5 hr. Further it was observed that the cellulose/hemicellulose ratio of all pretreatments increased with the exception of those treated with 3% NaOH for 2 hr at 60 ∘ C (Table 2 ). Significant extractive removal was observed for all alkali pretreated sawdust, reduced from 8.05% down to approximately ∼1% or less in treated samples ( Table 1 ). The removal of extractives was proportional to the pretreatment times and concentrations of NaOH for pretreatments at 60 ∘ C, but all samples reached >86% extractive removal.
Lignin removal occurred in all pretreated samples with ASL content reduced from the 6.2% of the untreated samples to ≤5% w/w. AIL content of pretreatments of 60 ∘ C with 3% NaOH did not show significant reduction of total lignin due to the lack of reduction in the lignin/cellulose ratio as shown in Table 2 . Pretreatment using NaOH of 7% for 2 hr and 10% for 0.5 and 1 hr demonstrated reduction in total lignin. The largest reduction in the lignin/cellulose ratio was by samples pretreated at 121 ∘ C for 0.5 hr with a ratio of 0.52 ( Table 2 ). The FTIR analysis displayed in Figure 1 shows that the broad peak between 1760 and 1680 cm −1 found in the untreated wood was removed by all levels of pretreatment. This peak represents acetyl or acid groups, as well as ketones, carbonyls, and esters attributed to xylans C=O [38, 43] .
The reductions in peaks at 1250 cm −1 may relate to the removal of xyloglucan acetyl groups or reduction in COOH groups in the lignin hemicellulose matrix [39, 42] . This correlates with overall reductions in xylose concentration after pretreatment shown in Table 1 and the increase in cellulose/hemicellulose ratio.
Pretreatment of the sawdust at 60 ∘ C showed two apparent trends in relation to the composition of the sawdust. Firstly as pretreatment time increased levels of xylose decreased, secondly concentrations of 7 and 10% NaOH produced a greater reduction in xylose and lignin removal with exception of 10% NaOH for 2 hr and 3% NaOH for 0.5 hr. Notably samples treated with 7% NaOH produced a larger cellulose/xylan ratio suggesting that more xylans had been removed in these treatments than that of the 10% solutions; conversely the 10% solution displayed a reduction in the lignin/cellulose ratio suggesting greater lignin removal than the 7% counter parts.
Hydrolysis of NaOH Pretreated Sawdust.
The hydrolysis of the sawdust pretreated at 60 ∘ C yielded between 5.8 and 16.2% of potential glucose production compared to untreated sawdust which could only produce 0.5 ± 0.2% as shown in Table 3 . The highest glucose yield obtained was 16.2 ± 1.4%, produced from sawdust pretreated using 10% NaOH for 0.5 hr at 60 ∘ C after 70 hr of saccharification. Hydrolysis produced yields lower than those observed within SSF systems with exceptions of 7% NaOH for 0.5 and 2 hr and 10% NaOH for 0.5 hr at 60 ∘ C. However, when accounting for the natural fermentation limitations of the S. cerevisiae fermentation system only two samples achieved greater yields with 0.15 and 0.66% increased ethanol than the SSF counterparts; these Journal of Renewable Energy 5 were the samples pretreated at 7% NaOH for 2 hr and 10% NaOH 0.5 hr.
It is possible that the lower yields encountered using the hydrolysis system were due to end-product inhibition [27] , although for two pretreatments an increased level of theoretical of glucose yield was achieved compared to the equivalent ethanol yield in the SSF systems. This may have been due to the increased effectiveness of cellulase at 50 ∘ C or the potential inhibition of S. cerevisiae within the SSF system.
SSF of NaOH Pretreated Sawdust. Preliminary analysis
showed that greater yields were achieved for glucose fermentation through hydration followed by in situ addition from the acclimatised inoculums. In addition, preliminary testing of the inoculation of the reactors showed that 0.5 hr of hydration and direct inoculation into the reactor was favourable.
SSF systems of the sawdust pretreated with NaOH at 60 ∘ C produced ethanol yields exceeding the 2.6 ± 2.0% produced by the untreated sawdust. Highest yields were observed after 96 hr and 120 hr for the majority of pretreatments conditions as shown in Figure 2 , with ethanol levels beginning to decline after 120 hr. Only one reactor continued to produce ethanol after 120 hr; this was sawdust pretreated with 7% NaOH for 0.5 hr at 60 ∘ C, when fermented in an SSF system at enzyme dosage of 9.1 FPU/g TS .
The highest yield of ethanol from a 60 ∘ C pretreatment was 25.2%; this result was obtained from samples treated with 10% NaOH solution for 1 hr, using an enzyme dosage of 20.0 FPU/g TS after 120 hr of SSF operation (Figure 2) .
Low variance between many of the reactors operated at cellulase dosages of 9.1 and 20.0 FPU/g TS shown in Figure 3 indicates that sufficient enzyme loading was reached in a majority of samples, thus reaching the "plateau point." In contrast several samples increased yields significantly when cellulase dosage increased, with sawdust pretreated at 60 ∘ C with 10% NaOH for 0.5 and 1 hr showing increases of 122% and 219% in ethanol yields, respectively. The increases in yields with increased cellulase dosage may be due to cellulase being irreversibly adsorbed onto the remaining lignin, lowering free enzymes available to hydrolyse the cellulose, and inhibiting glucose and thus ethanol production [44, 45] .
No significant correlation was observed with variation in pretreatment times for the reactors that received 9.1 FPU/g TS . As shown in Figure 3 (a), a slight proportional correlation between yield and alkali concentration existed, with the exception of pretreated samples 10% for 1 hr and 9.1 FPU/g TS (Figure 3(b) ). Increased yields at greater NaOH concentration were observed in reactors of 20.0 FPU/g TS loading.
When pretreated at 121 ∘ C improved yields were observed at a faster rate, ethanol yield of 30.6% was obtained after 72 hr of SSF as shown in Figure 4 . Similarly, samples exposed to −20 ∘ C showed significant increases in ethanol production over NaOH pretreated samples at 60 ∘ C. Ethanol production from sawdust exposed to high temperature of 121 ∘ C showed significant increased yields, where sawdust treated at 121 ∘ C produced 82-123% more ethanol than sawdust pretreated using the same NaOH concentration and exposure time at 60 ∘ C. In a similar way −20 ∘ C for 2 hr pretreatment produced 37-49% greater yields than samples pretreated at 60 ∘ C for 2 hr, as shown in Figure 4 . A proportional relationship between the cellulose concentration, decrease in xylans content, and increase in ethanol production was observed, as predicted. This is likely due to increased enzyme access to cell interior with the removal of hemicelluloses and extractives [12] .
Crystallinity Measurements. The absorbance ratio
A 1330 /A 898 showed greater change of the two absorbance ratios measured. The ratio decreased from 0.69-0.8 to 1.0, for all 60 ∘ C pretreated sawdust, from the 1.01 of untreated sawdust. The largest reduction in absorbance ratios occurred for samples pretreated at 10% NaOH for 2 hr, where 0.69 ± 0.15 and 0.65 ± 0.14 measured were for A 1330 /A 898 and A 1425 / A 898 , respectively.
When assessing A 1330 /A 898 all NaOH pretreated samples produced lower ratios than 1.01 of untreated sawdust as shown in Figure 5 ; this indicates that there had been some conversion in all treatments. The reductions in the A 1435 /A 898 results indicated that only the samples pretreated with NaOH of 7% and 10% concentration for 1 and 2 hr(s), respectively, had the most significant change in cellulose state.
Considering the total crystallinity for samples pretreated at 60 ∘ C with NaOH, it was observed that only those pretreated with 10% NaOH had ratios below the 1.69 of untreated sawdust with Abs A 1375 /A 2900 ratios of 1.59 ± 0.24, 1.60 ± 0.09, The total crystallinity consistently decreased with increasing pretreatment times, although no apparent correlation exists relative to the ethanol yields. The largest increase in total crystallinity was 32%, observed for samples pretreated with 7% NaOH and 0.5 hr. From these results it appears that both time and concentration impact had an effect on total crystallinity. Increased concentrations of NaOH pretreatment at 60 ∘ C produced improved yields for the majority of conditions tested as discussed above (Figure 3 ). This indicates that increase in yield is likely aided by increased dissolution and subsequent production of amorphous regions of cellulose at greater NaOH concentrations [17, 44] . The increase in amorphous regions in the cellulose microfibrils allows increased areas for bondage for progressive exoglucanase to hydrolyse the cellulose [46, 47] . These structural changes are consistent with the observed changes to total crystallinity, with the samples pretreated with 10% NaOH producing lower crystallinity than those pretreated with 3% and 7% as shown in Figure 6 . The combined effect of changes to cellulose structure and reduction in hemicellulose is likely to be responsible for the increase in ethanol yield. (Figure 7 (a)) of 7% NaOH at 121 and −20 ∘ C pretreatments had significant reduction from the 60 ∘ C pretreatments, but only pretreatment for 0.5 hr at 121 ∘ C produced an A 1435 /A 898 ratio lower than that of untreated sawdust with 29% and 7% reductions for A 1330 /A 898 and A 1435 /A 898 , respectively. Reduction in total crystallinity was observed for all 7% NaOH pretreated sawdust exposed to 121 ∘ C or −20 ∘ C. It was noted that pretreatments at 121 ∘ C for 0.5 hr produced a 5% reduction in crystallinity which unlike analysis of absorbance ratios of A 1435 , A 1330 /A 898 was less of a reduction than that of pretreatment at −20 ∘ C, reduced by 11% and 16% for 2 and 24 hr, respectively (Figure 7(b) ).
FTIR analysis of sawdust pretreated with 7% NaOH for 0.5 hr at 121 and −20 ∘ C for 24 hr showed peaks signifying bending in CH 2 at C-6 in glucose shifted and was located at 1431 cm −1 associated with cellulose II instead of the cellulose I peak location of 1427 cm −1 [37] , further suggesting internal changes to the microfibril structure.
The high yields of samples pretreated at 121 ∘ C are likely due to the highest level of hemicellulose and lignin reduction as well as the most significant conversion of cellulose I [12] . It was noted that NaOH pretreatment at 121 ∘ C produced the apparent complete removal of galactose and the largest xylan reduction, likely leading to the largest pore space production.
Similarly, samples that had been exposed to −20 ∘ C showed increased yields due to the greater increase in amorphous cellulose, microfibril swelling, and the large reduction of xylans and galactans. The greater levels of amorphous cellulose would likely lead to reduction in crystallinity and likely larger internal areas [24, 47] , increasing yields. Increased internal swelling may be due to impact on the internal hydrogen bondages within the microfibril structure bonding Na + in place of water swelling structure [48] . Samples exposed to −20 ∘ C for 24 hr may have greater yields than their 2 hr counterparts due to complete freezing of the sample, while samples exposed to only 2 hr experienced partial freezing. The lack of complete freezing may have prevented optimum cleavage of the lignin hemicellulose bonds and microfibrils expansion, thus causing lower accessibility for enzymes, and reduced ethanol yields [24, 48] .
Conclusion
Pretreatment at 60 ∘ C with 3-10% NaOH could be used as a pretreatment to increase ethanol yields of sawdust produced in Australian timber mills. It was observed that the increased concentration of NaOH leads to an increase of ethanol yield, with exposure time not being the major factor between 0.5 and 2 hr. The increase in yield with enzyme dosage is likely linked to the increase in amorphous regions in the cellulose structure, the increased presence of cellulose II, and removal of extractives and hemicellulose. These combined factors increase enzyme ability to hydrolyse cellulose and remove inhibitors.
It was observed that the moderate temperatures of 60 ∘ C and short exposure time alkali pretreatment yielded less ethanol than samples exposed to either −20 ∘ C or 121 ∘ C temperatures. This is likely due to the lower impact on crystallinity and cellulose state in conjunction with the lower levels of hemicellulose and lignin removal within these samples.
The most significant observed difference in the pretreatments at −20 ∘ C and 121 ∘ C was the greater conversion to cellulose II and an improved removal of ASL observed in samples pretreated at 121 ∘ C. Alternatively total reduction in crystallinity was greater in samples pretreated at −20 ∘ C, suggesting that although cellulose crystalline morphology had 8 Journal of Renewable Energy not been converted, the internal surface area of the cellulose microfibrils had likely been increased due to swelling and amorphous region production.
The use of combined Ca(OH) 2 and NaOH or oxygenated alkali pretreatments may prove to be capable of pretreating timbers to a level of economic viability, but this requires further research. Alternatively, assessing the potential for reuse of the NaOH solutions used for pretreatment could potentially lead to an economically viable system, as NaOH recovery would account for a significant portion of the operational costs.
